ABSTRACT People with cystic fibrosis are susceptible to lung infections from a variety of bacteria, a number of which also reside in the potable water system, including Pseudomonas aeruginosa, Stenotrophomonas maltophilia, Achromobacter xylosoxidans, Burkholderia cepacia complex, and nontuberculosis Mycobacteria. Here, I propose chemical and physical aspects of the potable water system along with bacterial lifestyle strategies in this system that may enhance successful colonization of cystic fibrosis lungs by these bacteria, including iron and copper levels, lipids, and low growth rates within low-oxygen biofilms.
M
any of the bacterial pathogens that colonize lungs of people with cystic fibrosis (CF) are also residents of the potable water systems, particularly terminal plumbing and drains, including Pseudomonas aeruginosa, Stenotrophomonas maltophilia, Burkholderia cepacia complex, Achromobacter xylosoxidans, nontuberculosis Mycobacteria, and rarer colonizers such as Ralstonia spp., Chryseobacterium spp., and Sphingomonas spp. (1) . There are some reports that link specific potable water strains of P. aeruginosa with infection in CF and some that rule such a link out (2-7), but there are cases where a potable water strain is a high-probability source for the infection (4, 7). Long-term (30-day) preexposure of P. aeruginosa to a model tap water mimic, Fraquil, has been shown to increase in vitro virulence, as measured by cytotoxicity, in a cell culture experimental model of acute infection (8) , but such an analysis has not been done in the context of CF and not, to my knowledge, for any of the other CF pathogens.
The potable water system is a risk factor for a number of infections, though the overall risk for these infections is very low in countries with well-developed municipal water systems. The contribution of potable water to infection risk has been well reviewed, and the majority of infections are gastrointestinal (9) . Of the potential lung pathogens, P. aeruginosa is probably the best studied of the bacteria residing in both tap water and the CF lung. Potable water and potable water-supplied recreational water (hot tubs, pools, etc.) are responsible for the bulk of P. aeruginosa folliculitis and ear infections (Ͼ80%) (10) and somewhat fewer of the cases of keratitis and intensive care unit (ICU)-acquired pneumonia (8 to 50%) (for a few examples among an extensive literature, see references 11 to 13). An important distinction is that these infections all develop acutely, and sampling of potential source environments often takes place within a few days if not during same-day surveillance. For CF, however, the time between pathogen acquisition from the source environment and detection by culture or nucleic acid-based assays is not well established. Combine this with the fact that almost nothing is known about strain diversity and temporal dynamics of these bacteria in the water system, and this issue represents a key gap in our ability to link infections to specific source environments.
The conditions under which pathogens are grown often strongly impact their virulence. For bacterial pathogens, this has been studied best for Vibrio cholerae and Legionella pneumophila. In V. cholerae, growth on phytoplankton stimulates transcription of genes important for virulence, promotes the biofilm lifestyle, and aids in survival through the gut (14, 15) . For Legionella, ingestion by an amoeba in a potable water or ventilation system results in the most successful infection route, because the bacteria have adapted to being phagocytosed and are delivered directly to their target phagocytic cells (16) . These are two well-understood paradigms, and there are many others for which some environmental impact is appreciated. This paradigm of the preinfection niche has not been as broadly applied to the (generally) extracellular bacterial pathogens residing in the tap water.
The overlap between the organisms that can infect the CF lung and the bacterial residents of the potable water system has not been lost on researchers; indeed, it has guided many of the epidemiologic studies mentioned above. It is not the general correspondence between the species that I find particularly intriguing, but rather what that correspondence might tell us about underappreciated environmental and nutritional similarities between the potable water system and the CF lung. By learning more about the biology of these bacteria during their lives in the potable water system, we may uncover important and unappreciated aspects of their pathogenesis within the CF lung. There are some specific properties that likely represent shared or similar conditions between the potable water system and the CF lung.
IRON
Iron is an abundant dissolved metal in the potable water system as a result of both source water chemistry and the contribution of the piping material, which is iron based in many systems. Misregulation of iron homeostasis in CF results in higher iron concentrations in the airway lumen than in healthy lungs (17) . The concentrations of total iron in potable water typically range from 0.01 to 5 M (WHO guidelines) and in CF from 5 to Ͼ100 M (18). Dealing with free iron requires appropriate adaptation to prevent oxidative damage due to Fenton's chemistry. P. aeruginosa exposed to either tap water or CF sputum induces genes involved in iron detoxification and often reduces expression of high-affinity acquisition systems (19, 20) .
COPPER
In a manner similar to iron, there is often abundant copper in the potable water system, and the EPA regulates a safe maximum of 1.3 mg/liter (about 20 M). Copper is not misregulated in CF (17) , but phagocytes use copper-dependent oxidative stress to boost microbial killing within the phagosome (21) . The concentration of copper in potable water averages 4.7 M but ranges from undetectable to Ͼ470 M at the tap, with high levels nearly always due to copper in the indoor plumbing fixtures (WHO guidelines). These concentrations are comparable to those in phagosomes (20 to 400 M) (22) . Exposure of bacteria to copper induces genes for copper detoxification, sequestration, and export, making these bacteria less susceptible to copper-induced killing. This has not been studied well from the pathogen preexposure side, with more focus on copper deficiencies leading to poor microbial killing on the host side (21) . Preadaptation to copper stress would be predicted to enhance initial survival of bacteria transitioning to the lung from potable water and is likely just as important for non-CF infections.
LIPIDS
Lipids, particularly those less than ϳ10 carbons in length, are poorly removed by our municipal water systems, and there are small but measurable levels of lipids and phospholipid head groups within potable water (23) . In the CF lung, there is abundant lipid in the sputum, derived from host lung surfactant, dying host cells, and bacteria. All of the major lipase and phospholipase systems of P. aeruginosa, some of which are important for virulence, are induced by potable water and CF sputum (19, 20) . Like the benefits of preparation described for the divalent cations, production of these enzymes, particularly the hemolytic phospholipase C, PlcH, could boost bacterial survival during the transition-which was demonstrated in principle by noting greater survival from P. aeruginosa preinduced for PlcH production in a lung infection model (24) .
ADAPTATION TO LOW OXYGEN IN BIOFILMS
While the bulk of the distribution system has an appreciable oxygen content (20 to 100% O 2 saturation), there are hypoxic regions in areas of low flow and within the biofilms that line the pipe walls in the system. Nearly all bacteria in the water system, including the opportunistic pathogens of interest here, reside in these biofilms. The mucus plugs in the CF lung have long been appreciated to have both microoxic regions and anoxia in their deepest reaches, with a steep oxygen gradient at their surface where they equilibrate with air or the tissue they contact (25) (26) (27) . Being preadapted to a low-oxygen environment due to pregrowth in hypoxic biofilms might not be inherently beneficial when infecting a healthy lung, but mucus of CF patients would be an ideal landing spot for a low-oxygen-adapted cell.
LOW GROWTH RATES IN BIOFILMS
While the nutrient environment of the CF lung is often considered relatively rich, recent work has illuminated the very low growth rates exhibited by bacterial cells in this milieu (28) . These rates are not dissimilar to bacterial growth rates in tap water (29) , both being on the order of double-digit hours to days. Rapidly growing cells do not transition well to environments that limit growth rate, so the slow growth of bacteria in the tap system might be an ideal preinfection behavior to integrate into a generally slow growth environment. One big difference is that while growth rates might be similar, carrying capacity is very different, with tap water (not including a surface biofilm) capable of supporting roughly 10 6 bacteria per milliliter (29) , while CF sputum can support 100 to 10,000 times more.
SMALL ORGANIC METABOLITES
Microbial metabolism, including from anaerobes, has received quite a bit of attention in the CF microbiology community, and anaerobic metabolism has been suggested to impact the CF lung microbiota and has been linked to patient stability and exacerbation (30) . From a nutritional standpoint, anaerobes produce distinct waste products after fermentative metabolism, from both carbohydrate and amino acid sources. Many of these same metabolites are among the most abundant small organic acids in potable water (23, 31) , produced both by disinfection reactions and likely by anaerobic metabolism from the anoxic biofilms in the water distribution system.
PROWLING PHAGOCYTES
As has been well studied for Legionella pneumophila, the water system is home to many types of phagocytic protozoans that, despite the evolutionary distance, work in much the same way as our phagocytes in terms of phagocytosis pathways and killing of internalized bacteria. Thus, bacteria from the potable water system are likely already primed to deal with these protozoan grazers. Preinfection response to those grazers may allow them to resist the many neutrophils and macrophages that await in the CF lung. The association with amoebae is likely particularly important for the nontuberculosis Mycobacteria, where association with amoeba increases virulence potential (reviewed in reference 32). Additionally, being preassociated with a surface increases P. aeruginosa killing of phagocytes (33) , so that in addition to preexisting predation, growth in the potable water system as part of a biofilm could enhance survival within the CF lung.
FINAL THOUGHTS
Here I cover some specific aspects shared between the potable water system and the CF lung. There are numerous other aspects of the potable water system that likely impact virulence or select for specific opportunistic pathogens, including fluctuating and often high temperatures (32), disinfection regimes (34, 35) , and piping material choice (35) . Additionally, there are almost certainly other known similarities that I have not appreciated between these two environments, as well as many that remain unknown or underappreciated. As practitioners of molecular pathogenesis, we spend much of our time thinking about bacterial life within the host. With some notable exceptions (Legionella pneumophila, Vibrio cholerae, etc.), the contribution of the niche occupied by the bacteria before infection has not been broadly appreciated for opportunistic Gram-negative bacterial pathogens. I hope that the similarities noted here become a starting point for determining the contribution of these factors to bacterial infection in CF and also a guide to identification of unknown aspects shared between these two environments.
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